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The Encapsulated ferritin-like proteins belong to the universally distributed ferritin superfamily, 27 which function as iron detoxification and storage systems. The encapsulated ferritins have a distinct 28 annular structure and must associate with an encapsulin nanocage to form a competent iron store 29 capable of holding significantly more iron than classical ferritins. The catalytic mechanism of iron 30 oxidation in the ferritin family is still an open question due to differences in organisation of the 31 ferroxidase catalytic site and secondary metal binding sites vicinal to this. We have previously 32 identified a putative metal binding site on the inner surface of Rhodospirillum rubrum encapsulated 33 ferritin at the interface between the two-helix subunits and proximal to the ferroxidase centre. Here 34
we present a comprehensive structural and functional study to investigate the functional relevance of 35 this putative iron entry site by means of enzymatic assays, mass-spectrometry, and X-ray 36 crystallography. We show that catalysis occurs in the ferroxidase centre and suggest a dual role for 37 the secondary site as an electrostatic trap guiding ferrous ions toward the ferroxidase centre and, at 38 the same time, acting as a barrier protecting the ferroxidase site against non-cognate inhibiting 39 species. Moreover, confinement of encapsulated ferritins within the encapsulin nanocage, while 40 enhancing the ferritin ability to undergo catalysis, does not influence the specific function of the 41 secondary site. 42 43 44 45 46
Introduction
We hypothesise that this site acts as an entry site for iron ions approaching the ferroxidase centre, and 98 acts as a filter to control the access of metal ions to the active site of the protein. The glutamic acid 99 residues in this site are arranged in such a way as to capture and coordinate an Fe(II) ion in an 100 octahedral geometry before passing it to the FOC. The positioning of W38 adjacent to this site 101 suggests that the indole ring sterically constrains the position of the E31 side chain to an optimal 102 position for metal coordination. We have considered several hypotheses regarding the functional role 103 of this additional metal-binding site, including a gate prior to the channel leading to FOC; an 104 electrostatic trap to direct metal ions to the FOC; a discriminatory filter to avoid mismetallation and 105 consequent inhibition of the active site ( Figure 2) ; or for protein stability and assembly. These 106 functions may overlap, and the site may play a number of key roles in the stability and activity of the 107 Encapsulated ferritins. 108 109
In order to understand the role of this site a number of single-point variants of the R. rubrum EncFtn 110 protein were produced by site-directed mutagenesis to replace the residue of interest with non-metal 111 binding residues. These variants were produced in the isolated R. rubrum EncFtn protein and an R. 112
rubrum Encapsulin:EncFtn (Enc:EncFtn) co-expression system. We produced and purified 113 recombinant E31A, E34A and W38G/A variants of EncFtn and the Enc:EncFtn complex and analysed 114 the solution and gas phase behaviour of these proteins to understand the influence of these variants 115 on the stability of the EncFtn complex. We obtained X-ray crystal structures of the E31A and E34A 116 variants of the EncFtn protein and their structures display altered entry site geometry, with the 117 abrogation of metal binding in this site in the E34A variant. The functional role of the secondary 118 metal binding site was explored biochemically, we show that changes of metal coordination in this 119 site enhances the ferroxidase activity of the EncFtn protein, while increasing its susceptibility to 120 inhibition by competing zinc ions. Taken together, these results indicate that this metal binding site 121 plays a minor role in stabilising the oligomeric state of the EncFtn decamer, and primarily acts as an 122 electrostatic filter to control metal access to the ferroxidase centre. 123 124
Methods 125
Cloning 126
Expression constructs for the R. rubrum EncFtn protein (pACYCDuet-1-Rru_EncFtn) and 127
Enc:EncFtn protein complex (pACYCDuet-1-Enc:EncFtn) were produced in the previous work (He 128 et al., 2016) . Site-directed mutagenesis was performed using Stratagene QuikChange kit following 129 manufacturer instructions. Protein nomenclature used throughout the text is shown in Supplementary  130 Table S1. Primers used in this work for this purpose are listed in Supplementary Table S2 . 131 132
Protein production and purification 133
Expression plasmids for the R. rubrum EncFtn protein and Enc:EncFtn complex were transformed 134
into Escherichia coli BL21(DE3) cells and grown in LB medium and expressed as described 135
previously (He et al., 2016; Vivaspin centrifugal concentrator (MWCO 10 kDa) following the manufacturer's instructions. 154
Concentrated protein was then applied to a Size exclusion column (HiLoad 16/600 Superdex 200, GE  155 Healthcare) pre-equilibrated with Buffer GF (50 mM Tris, pH 8.0, 150 mM NaCl). Fractions of 156
interest were run on a 15% (w/v) SDS-PAGE to assess protein purity and oligomerisation state, and 157 further concentrated using a Vivaspin centrifugal concentrator as before. After concentration, protein 158 samples were analysed by 10% Tricine-SDS-PAGE (Schägger, 2006) in order to resolve bands 159 around 30 kDa. Elution volumes of EnFtn and Enc:EncFtn complexes from the size exclusion column 160 are listed in Supplementary Table S3 . 161 162
His-tagged protein production and purification 163
Hexahistidine tagged EncFtn E31A and E34A variants (EncFtn_sH) were produced in E. coli 164 BL21(DE3) as described above and purified following the same protocols as previously described 165 (He et al., 2016 Protein crystallization and X-ray data collection 196
EncFtn_sH variants (E31A or E34A) were concentrated to 10 mg/ml (based on extinction coefficient 197 calculation) and subjected to crystallisation under similar conditions to the wild-type protein 198 (WT)( Supplementary Table S4 ). Crystallization drops were set up in 24-well Linbro plates using 199 the hanging drop vapor diffusion method at 292 K. Glass coverslips were set up with 1-2 µl protein 200 mixed with 1 µl well solution and sealed over 1 ml of well solution. Crystals appeared after one week 201 to two months and were mounted using a LithoLoop (Molecular Dimensions Limited, UK), 202 transferred briefly to a cryoprotection solution containing well solution supplemented with 1 mM 203
FeSO4 (in 0.1% (v/v) HCl) and 20% (v/v) PEG 200, which were subsequently flash cooled in liquid 204 nitrogen. 205 206
All crystallographic datasets were collected at 10-100 eV above the experimentally determined Fe-207
Kα edge on the macromolecular crystallography beamlines at Diamond Light Source (Didcot, UK) 208 at 100 K using Pilatus 6M detectors. Diffraction data were integrated and scaled using XDS (Kabsch, 209 2010) and symmetry related reflections were merged with Aimless (Evans, 2011) . Data collection 210 statistics are shown in Table 3 . The resolution cut-off used for structure determination and refinement 211 was determined based on the CC1/2 criterion proposed by Karplus and Diederichs, 2012. 212
The structures of the EncFtn_sH variants were determined by molecular replacement using decameric 213 wild-type protein (PDB ID: 5DA5) as the search model (He et al., 2016 mM NaCl), previously purged with gaseous nitrogen, to a final concentration of 10 µM (EncFtn). 229
Protein and ferrous ion samples were added to a quartz cuvette (Hellma) under aerobic conditions at 230 a final concentration of 10 µM and 50 µM, respectively, corresponding to a FOC:Fe ratio of 1:10. 231
Absorbance at 315 nm was recorded every second for 1500 s by a UV-visible spectrophotometer 232
(PerkinElmer Lambda 35), using the TimeDrive software. The same experiment was performed in 233 the absence of the enzyme to determine the oxidation of ferrous salts by atmospheric oxygen. 234
The same setup was adopted for recording the activity of EncFtn_E34A and EncFtn_E31A/E34A in 235 a separate assay at higher concentration (20 µM EncFtn and 100 µM Fe(II)) for comparison purposes. 236
Data presented here are the mean of three technical replicates of time zero-subtracted progress curves 237 with standard deviations calculated from the mean. 238
Calculation of the EncFtn enzymatic reaction initial rate (v 0 ) was made by applying the Linear 239
Regression tool in GraphPad (Prism8) on the absorbance at 315 nm measured for the first 10 s or 200 240 s, when curves are still linear and following an order zero kinetics ( Figure 10 , Supplementary Tables  241  S5, S6, S8 ). Slopes obtained from these curves correspond to initial reaction rate. v 0 variant / v 0 wild-type 242 factors were calculated by dividing the variants initial rates by the initial rate of the wild-type protein 243
( Supplementary Tables S7).  244  245 Ferroxidase assay of Enc:EncFtn protein complexes 246
Ferroxidase assay of Enc:EncFtn protein complexes was performed in the same conditions as those 247 used for EncFtn, but with different protein and iron salt concentration. Enc:EncFtn was diluted to a 248
final concentration of 25 µM which corresponds to 10 µM EncFtn based on a 3:2 Enc:EncFtn ratio, 249
as previously observed by SDS-PAGE by our group ( Figure 1A in He et al., 2016) . Fe(II) sample was 250 diluted to 50 µM in the reaction system to maintain a final ratio of 1:10 FOC:Fe(II). 251
Calculation of the Enc-EncFtn enzymatic reaction initial rate (v 0 ) and v 0 variant / v 0 wild-type factors was 252 carried out as described in the above section ( Figure 10 , Supplementary Tables S5, S6 , S7, S8). 253 followed by the protein sample. Data were replicated three times and mean and standard deviation of 259 time zero-subtracted progress curves were calculated. Negative control was performed by monitoring 260
A 315 of Zn(II) and Fe(II) salts mixed in the absence of enzyme. 261 262
Accession codes and datasets 263 Data sets supporting this paper have been deposited in appropriate public data repositories. Please 264 see figure legends and tables for links to these. 265 266
Results 267
Purification of encapsulated ferritins from R. rubrum 268
In order to explore the functional roles of the residues in the putative entry site of EncFtn, a number 269 of single-point variants were produced by site-directed mutagenesis, selectively substituting each 270 metal-binding residue in the site with alanine or glycine. The resulting set of variants were also 271 generated in association with the encapsulin component to produce Enc:EncFtn complexes. All the 272 proteins were produced by heterologous expression in Escherichia coli. 273 274
To investigate the influence of these changes to the proteins in solution, all proteins were subjected 275 to size-exclusion chromatography using an S200 column calibrated with standards of known 276 molecular mass ( Figure 3A/B ). The resulting fractions were analysed by SDS-PAGE ( Figure S1A ) 277 and the average molecular masses of the EncFtn proteins were confirmed by LC-MS (Table 1) . 278
Each of the variant EncFtn proteins eluted with a similar profile, with a major peak at retention 279 volume around 60 ml, a second peak at retention volume of 75 ml, and the final peak at 82 ml ( Figure  280 3A, Supplementary Table S3 ). The E34A variant had significantly more protein in the 82 ml peak 281 when compared to the wild type and E31A variant, suggesting that this change affects the stability of 282 the protein complex. 283 284
Based on our prior work on the assembly pathway of the Haliangium ochraceum EncFtn protein 285 (Ross et al., submitted) and native mass spectrometry of other representative members of the EncFtn 286 family (He et al., 2019) these peaks would correspond to decamer, tetramer, and dimer species. The 287 anomalous size estimation based on calibration standards can be attributed to the fact that the EncFtn 288 proteins used in this study were full length proteins with the flexible localisation sequence, which 289 would increase the hydrodynamic radius of the oligomers considerably. 290 291
The Enc:EncFtn protein complexes all eluted as single peaks starting in the void volume of the S200 292 column, indicating the formation of large protein complexes not able to enter the matrix pores ( Figure  293 3B, Supplementary Table S3 ). SDS-PAGE analysis of peak fractions confirmed the presence of both 294
the EncFtn and encapsulin proteins ( Figure S1 ) To determine if these complexes had formed correctly 295 assembled encapsulin nanocages we performed transmission electron microscopy on uranyl acetate 296 stained samples ( Figure 4) highlighted when increasing the sampling cone voltage and/or activating the trap voltage of the mass 313 spectrometer, which activates the complex and causes dissociation ( Figure S2 ). EncFtn_W38G fully 314 dissociates into its monomer charge state distribution at lower activation conditions than the other 315 variants, further highlighting its instability ( Figure S2D ). 316
To further investigate the gas phase stability of the variants, ion mobility collision induced unfolding 317 (CIU) experiments were performed (Eschweiler et al. 2015). The complexes were unfolded by 318 gradually increasing the trap voltage prior to the gas phase conformation of the native protein ions is 319 monitored by ion mobility mass spectrometry. The resulting ion mobility profiles for an individual 320
protein ion is then plotted as a function of activation voltage to produce a heat map to reveal discrete 321 conformations and gas phase unfolding transitions ( Figure 6 ). It is clear from these experiments, that 322 two discrete conformations of each EncFtn variant are observed during CIU; a major conformation 323 with a compact structure and a minor conformation with a more extended, unfolded structure ( Figure  324 6, Figure S3 ). At minimal activation, EncFtn_WT, EncFtn_E34A and EncFtn_E31A all exist in a 325 single, compact decameric conformation with a drift time of between 10 and 11 ms, suggesting the 326 same overall structure. As activation is increased all three variants undergo a discrete transition to a 327 more extended conformation (characterised by a drift time of 12.5 ms) at around 30 V activation, 328
followed by a more complex transition to higher drift time conformations with activation above ca. 329
40V. The close similarity of these CIU profiles strongly suggest have similar gas phase structures and 330 stability ( Figure 6 , Figure S3 ). In contrast, EncFtn_W38G occurs in a more extended conformation 331 (12.5 ms) throughout the CIU experiment, with the compact conformation only observed as a minor 332 species at low activations. This is in accord with the native MS studies and suggests that the W38G 333 substitution has a significant structural effect and destabilises the decameric EncFtn assembly. 334 335
By calibration of the ion mobility data, the collision cross sections (CCS) of both the discrete 336 conformations of the EncFtn decamer were determined ( Table 2 ). The compact conformation of 337
EncFtn_WT has a CCS of 71.40 nm 2 ; whereas the more extended conformation, observed at higher 338 activation has a CCS of 80.62 nm 2 ( E31A and E34A variants. We have assigned these as iron ions based on the size of the peaks and the 366 nature of this site ( Figure 7A/B, 8A/B ). The ferroxidase centre of the E31A variant has an additional 367 peak of electron density assigned as a water molecule, bridging the di-iron centre. 368 369
The entry site of the E31A variant appears to coordinate a metal ion via the Glu34 side-chain, 370
inspection of anomalous maps allowed us to assign this as a calcium ion; however, the coordination 371 distances are much longer than the wild type, at 3.8 Å compared to 2.8 Å (Figure 7C. ). Loss of the 372 coordinating Glu31 side chain ligand does not appear to cause gross structural rearrangements in this 373 site, and the change in metal ion binding can be ascribed to the change in the coordination 374 environment around this site. 375 376
The entry site of the E34A variant does not appear to coordinate any metal ions and the side chain of 377
Glu31 is flipped away from this site towards Arg42 ( Figure 8C ), the Trp38 indole ring is also moved 378 away from the site when compared to the wild type protein. These changes greatly disrupt the metal 379 coordination in this site. 380 381
Ferroxidase activity of EncFtn and Enc:EncFtn proteins 382
While the MS and crystallographic data were in agreement with respect to the quaternary structure 383 of the E31A and E34A variants, our inability to produce crystals of the W38G protein and reduced 384 stability in our MS experiments highlight the importance of this residue for the oligomerisation of the 385
EncFtn decamer. The changes in metal ion coordination seen in the E31A and E34A crystal structures 386 suggest these may play a role in controlling entry of iron ions to the ferroxidase centre. To test this 387 hypothesis, we investigated the activity of all of the variants produced, both in isolation, and in 388 complex with the encapsulin protein. The rationale behind producing single point mutants was to 389 discern between the different actions that the E31-E34-W38 residues could exert on the enzyme 390 activity. At the start of our work we delineated a number of hypothesis involving this site, including 391 it being an access gate at the entry of the channel, and providing attractive forces which, as a 392 consequence, guide the metal ions to the FOC, buried at the dimer interface. 393 394
The ferroxidase activity of the wild-type EncFtn protein was confirmed to be comparable to that 395 previously determined for the EncFtn_StrepII variant (He et al., 2019). Both the W38A and E31A 396 mutations clearly affect the activity of the protein, as oxidation of Fe(II) to Fe(III) occurs faster and 397 both curves present a distinct shape to the wild-type protein (Figure 9) . The EncFtn_E34A variant 398
shows a smaller increase in catalytic activity when compared to the other variants ( Figure 9 ). 399 400
Considering these differences in activity in the context of the X-ray crystal structures, it is clear that 401 disruption of the metal coordination in this entry site has a significant impact on the catalytic activity 402
of the EncFtn protein. The EncFtn_E31A structure shows that the gating provided by this mutant is 403 partially diminished, as is its binding ability. However, the residual glutamic acid, Glu34, is still able 404
to coordinate metal ions, albeit less tightly than the wild type given the increased distance between 405 these residues and lack of additional coordination from Glu31 (Figure 7) . This variant possesses the 406 highest ferroxidase activity, along with EncFtn_W38A. 407 408
The crystal structure of the EncFtn_E34A variant shows that the mutation of Glu34 into Ala results 409 in a reorganisation of the site, with the side chain of Glu3 flipped by 117°, and is no longer correctly 410 positioned for metal coordination, essentially removing both the electrostatic attraction and gating of 411 this site (Figure 8) . A ferroxidase assay carried out with an EncFtn_E31A/E34Avariant shows that 412 its activity is comparable to EncFtn_E34A (Figure 11 ). This data corroborates our hypothesis that in 413
EncFtn_E34A, the gating function is completely abolished, and no attraction is conveyed by the 414 residual Glu31. Hence, in Rru_EncFtn_E34A metal ions slowly reach the FOC by diffusion only. As 415 no gating is provided at this level, we would expect to observe a higher activity, however the absence 416 of attracting forces results in modest increase when compared to wild type. The difference in activity 417
between EncFtn_E31A and EncFtn_E34A shows how critical Glu34 is and more broadly the 418 importance of this electrostatic attraction for the activity of the protein.
420
As we were unable to produce crystals of either the W38G or W38A variants, we could not determine 421 the effect of removing this tryptophan residue on the structure of the entry site. However, analysis of 422 the crystal structure of the wild type EncFtn shows that the tryptophan indole ring appears to sterically 423 constrain the Glu31 side chain in the correct position for metal-coordination in WT (Figure 1, He et  424 al., 2016), we propose that the removal of Trp38 results in the Glu31 side chain moving away from 425 the site. Our ferroxidase assay data presents this variant as having a comparable activity profile to the 426 E31A variant, we therefore propose that the two variants possess similar entry site structures. The 427
broader destabilising effects of the loss of the tryptophan side chain are harder to model, but the loss 428 of a side chain of the size of the tryptophan indole may lead to further structural rearrangements 429
around the internal dimer interfaces engaged by this residue. 430 431
The same ferroxidase assay was performed with the Enc:EncFtn complex, with wild-type and variants 432 carrying the same mutations introduced in Rru_EncFtn protein (Figure 9 ). These deviations from 433 wild-type behaviour were compared to what observed in the absence of the encapsulin 434 nanocompartment ( Figure 9A ). Enzymatic reaction initial rates (v 0 ) were calculated for each of the 435 variants (in the first 200 s of the assay) and then divided by the initial rate of the corresponding wild-436 type protein (EncFtn or Enc:EncFtn) ( Supplementary Table S7 ). This allowed comparison across the 437 two experimental setups (EncFtn versus Enc:EncFtn proteins). Data show that E31A and W38X 438
(where X is Gly or Ala) mutations have a greater effect on activity within both systems (about 4 folds 439
faster when compared to wild-type initial rate) while removal of Glu34 results in a 1.5-2-folds 440 increase in the initial velocity v 0 (Figure 10 , Supplementary Table S7 ). It appears that the EncFtn 441 variants and wild-type retain the same relative differences in their enzymatic activities, whether they 442 are associated to the encapsulin shell or not. This outcome suggests that the gating and the attraction 443
properties are actually exerted by the entry site instead of the pore level. 444 445
However, if we examine Enc:EncFtn_E31A curve in more details, we notice that it is not completely 446 linear in the first 200 s of reaction ( Figure 10B ). Hence, we chose to directly compare the initial 447 velocity (v 0 ) of EncFtn_E31A and Enc:EncFtn_E31A within this shorter period of time ( Figure S5 ). 448
Although EncFtn_E31A data are far too noisy to allow an acceptable fit of the curve resulting from 449
the Linear Regression tool ( Supplementary Table S8 ), a qualitative comparison can still be made 450 ( Figure S5 ). When encapsulated, EncFtn_E31A appears to catalyse the ferroxidase reaction much 451 faster than other variants, including EncFtn_E31A when not compartmentalised within A0974 452
( Supplementary Table S8 ). After the first 20-30 s the reaction starts to slow down, reaching a rate 453 comparable to Enc:EncFtn_W38G. It is plausible to believe that the nanocompartment improves the 454 stabilisation of the inner protein, resulting in a different reaction profile. 455 456
Zinc inhibition of ferroxidase activity of Rru_EncFtn 457
In order to test the hypothesis that the entry site acts as a selectivity filter, and is able to discriminate 458 between metal ions approaching the FOC, ferroxidase assays were performed with the addition of 459 zinc as a competitive inhibitor of ferroxidase activity. The activity of EncFtn wild-type and variant 460 proteins (10 µM, monomer) with 50 µM Fe(II) was assayed in the presence of 34 µM Zn(II) (Figure  461 12A). The selected zinc concentration was previously determined to be the IC50 for wild type 462
EncFtn_StrepII (He et al., 2019) . This concentration was chosen to allow identification of the impact 463 of inhibition across the set of proteins. In line with our previous results the EncFtn wild type sequence 464 protein showed a 54% inhibition (He et al., 2019) ( Figures 12A/B ). The activity of the three variant 465 proteins (E31, E34, W38) showed a markedly increased relative inhibition when compared to their 466 enhanced activity in the absence of zinc (66%, 68%, and 88%, respectively) ( Figures 12A/B ). 467 468
The increased inhibition seen in the variants can be explained by the changes in metal coordination 469 at this site. With all the variants, the change in metal coordination at the putative entry site permits 470 greater access to the FOC for competing metal ions, as they are no longer effectively captured in the 471 entry site. Of note is the fact that in the presence of zinc, the activity of each variant is the same as 472 the wild type protein. 473 474 We have shown that substitution of residues in the entry site triad (E31, E34, W38) with non-metal 475 binding residues results in the enhancement of enzymatic activity ( Figure 9A ). Our crystal structures 476 support the conclusion that this is a consequence of the creation of a wider and more loosely 477
coordinating site, which allows the faster passage of metal ions to the FOC due to a reduced energy 478 barrier at this site (Figure 7, Figure 8 ). Furthermore, when these key residues are removed the protein 479
is more susceptible to inhibition by Zn(II). As wild type EncFtn presents an extra metal binding site 480
with which competing metals would interact, this presents a barrier to the FOC, which would trap 481 metal ligands before they are able to reach the FOC itself. In the absence of this site both iron and 482 competing metals can approach the FOC, either productively in the case of iron, or unproductively in 483 the case of zinc. 484 485
Discussion 486
Our work presents a comprehensive structure/function study investigating the role of the putative 487 metal ion entry site proximal to the ferroxidase centre FOC in encapsulated ferritin-like proteins. To 488 investigate the role of this site we produced single point mutations in residues in this site to replace 489 metal coordinating residues in the R. rubrum EncFtn protein with alanine (E31A, E34A) and to 490 remove the large tryptophan side chain proximal to this site (W38G/A). 491 492
Solution and gas-phase analyses of variant proteins showed that removal of the metal coordinating 493 ligands did not have a significant effect on protein oligomerisation, however the removal of the Trp38 494 side chain destabilised the protein considerably. X-ray crystal structures of the E31A and E34A 495 variants highlighted changes in metal coordination at this site. 496 497
The effect of these changes on the activity of the protein was tested using ferroxidase assays and zinc 498 inhibition experiments. Removal of the Glu31 and Trp38 side chains significantly enhanced the 499 activity of the enzyme. While removal of metal coordinating residues increased the susceptibility of 500 the protein to inhibition with zinc. 501 502
Taken together these results support the hypothesis that this metal ion binding site has a dual function 503
in modulating the rate of ferroxidase activity of the EncFtn protein and protecting the ferroxidase 504 centre from competing metal ions by acting as an electrostatic trap prior to the active site. These 505 results also confirm that the ferroxidase centre is indeed the active site of this enzyme, as the loss of 506 the metal ion entry site enhances enzyme activity rather than abrogates it. Why the EncFtn protein 507
has evolved a mechanism to effectively slow its activity is still an open question. There may be a 508 trade-off between enzyme activity and the availability of a sink for the electrons liberated from the 509 iron in the ferroxidase centre. The catalytic mechanism and electron sink for ferritins is still a subject 510 of vigorous debate and the EncFtn family presents a unique structural arrangement of the active site, 511 which will no doubt present a distinct mechanism when probed further. The mineralisation step is 512 also likely to be a rate limiting step and the entry site may provide a brake to ensure productive 513 coupling of iron oxidation and mineralisation. 514 515
Encapsulation of the EncFtn protein within the encapsulin nanocage enhances the activity of all of 516 the EncFtn variants but does not change the way in which the variants affect the activity, indicating 517 that the function of the entry site is not changed through association with the encapsulin shell. These 518 results suggest that the encapsulin shell acts to guide productive iron ion interactions with the EncFtn 519 protein, indeed, our previous work showed that the encapsulin shell interacts with a significant 520 amount of iron in the absence of the EncFtn protein. This warrants future investigation into the ability 521 of the encapsulin shell to conduct metal ions to the EncFtn active site and the role of the encapsulin 522
shell pores in the access of substrates to the encapsulated enzyme. Figure 3A reveal 559 that all EncFtn proteins show the main peak at around 60 ml, diagnostic of oligomerisation states 560 close to 20-mer, and smaller peaks at ~ 76 ml and 82 ml (indicative of smaller assembly states, 561 Supplementary Table S3 ). Enc:EncFtn proteins elute in a single peak around 46 ml, suggesting that 562
EncFtn orange mesh and contoured at 20 σ. Residues from dimers are differentiated with a prime symbol in 605 their labels. The distance between metal ions and coordinating residues is marked by dashed lines 606 with distances shown in Å. A, Aligned FOCs with di-iron bound as orange spheres in E31A mutant 607 and red spheres in WT. A water molecule shown as a red cross is coordinated above the di-iron of 608 E31A mutant. B, Top view of A with residues labelled. C, Metal ion entry site comparison between 609
E31A mutant and WT with both Ca(II) bound in grey and brown spheres, respectively. In the E31A 610 mutant the Ca(II) moves further from FOC and is coordinated by E34 from two chains in a distance 611 of 3.4 Å/3.8 Å by contrast to the 2.8 Å/2.9 Å in the WT. Figure 9A were processed using the Linear 654
Regression tool in GraphPad (Prism8) to determine v 0 , initial enzymatic rate, from slope of each of 655 the linear curves (see Table S5 ). B, Data from first 200 s of the assays shown in Figure 9B were 656 processed using the Linear Regression tool in GraphPad (Prism8) to determine v 0 , initial enzymatic 657 rate, from slope of each of the linear curves (see Table S6 ). C, Variants initial enzymatic rate 658
( Figure 12A were plotted as columns to compare inhibition by zinc. 690
Percentage of inhibition is shown above corresponding columns. Colour-coding is consistent with 691 Figure 12A . doi.10.6084/m9.figshare.9885575 692 693 694 The starting Methionine residue is not always retained, and this has been indicated in "Assignment". 696 697 698 699 700 701 Statistics for the highest-resolution shell are shown in parentheses. *Friedel pairs are treated as 710 separate reflections for data analysis and refinement. 711 712
